Spin-Polarized Hydrogen Atoms from Molecular Photodissociation
The production of spin-polarized hydrogen atoms from the photodissociation of hydrogen chloride with circularly polarized 193-nanometer light is inferred from the measurement of the complete angular momentum distributions of ground state Cl( 2 P 3/2 ) and excited state Cl( 2 P 1/2 ) cofragments by slice imaging. The experimentally measured and ab initio predicted a q (k) (p) parameters, which describe the single-surface and multiple-surface-interference contributions to the angular momentum distributions, are in excellent agreement. For laser pulses longer than about 0.7 ns, the polarization of the electron and the proton are both 36%.
The ability to control the spin of electrons and nuclei is central to many fields of science. Spin-polarized hydrogen (SPH) atoms, and polarized atoms in general, are used to study spin-dependent effects in nuclear, atomic, molecular, and surface collisions (1, 2) . They are also used, when produced by an external magnetic field, in nuclear magnetic resonance (NMR) spectroscopy in wideranging applications to measure molecular structure and dynamics (3) . SPH is usually produced by the experimentally difficult techniques of Stern-Gerlach spin separation (1) and spin-exchange optical pumping (2) .
We show that SPH can be readily produced from the photolysis of a "simple" diatomic molecule, HCl, which enhances its potential range of use. Molecular photodissociation is often viewed as taking place on a single adiabatic electronic state, but, in general, it can proceed through several dissociative electronic states (4, 5) (Fig. 1) . More important, after direct excitation from the ground electronic state to one or more energetically accessible excited electronic states, nonadiabatic transitions between these states (and possibly other states not directly linked to the ground state) can occur as the molecule dissociates (6, 7) . Additionally, these multiple dissociative pathways can interfere with each other quantum-mechanically. Our understanding of dissociation dynamics, and of the way systems evolve on multiple electronic states, requires the accurate experimental measurement of a variety of observables, particularly angular momentum distributions (5-8), combined with high-level theoretical calculations that incorporate all of these effects. We compare theory and experiment for the photodissociation of HCl.
The photodissociation of a diatomic molecule AB yields, in general, open-shell photofragments A and B that possess electronic angular momenta J A and J B , respectively. These angular momenta can have a preferred orientation in space and are associated with anisotropic electron distributions about the atomic photofragments (unless J A or J B comprise electron spin only). Van Brunt and Zare first proposed a mechanism for photofragment electronic polarization (8) . More recently, Siebbeles et al. (9) have shown that the spatial distributions of the photofragment angular momenta can be decomposed into distinct contributions from single potential energy surface (PES) dissociation and from the interference from dissociation through multiple PESs. The magnitudes of these distinct spatial contributions can be described by the various a q (k) ( p) parameters, in which a is the alignment parameter, the indices k and q refer to the spatial distribution, and ( p) refers to the symmetry of the transition from the ground state to the dissociating states (10) (11) (12) . Most important, the values of a q (k) ( p), measured as a function of the dissociation energy, give an extremely detailed picture of (15) , showing a phase shift (⌬) generated in the wave functions of coherently excited states. h is the energy of the absorbed photon. Inset: An expanded view of the longrange parts of the potentials (the two lowest excited states can now be resolved), showing nonadiabatic transitions from the A 1 ͟ 1 state to the a 3 ͟ 1 state (red arrow) and to the t 3 ⌺ 1 state (blue) during dissociation; in order of increasing energy, the curves are
The projection along the recoil direction of the electronic angular momentum of HCl is conserved between the projections of the angular momenta of H and Cl. the dissociation process: The values of a q (k) ( p) can be used to calculate the transition probabilities between the PESs during dissociation and the phase differences between the asymptotic wave functions of the various PESs (13, 14) (Fig. 1) . In short, the a q (k) ( p) parameters reveal the paths taken during dissociation, and can give the detailed shapes of the participating PESs.
The electronic states of diatomic molecules can be classified by the total projection, ⍀, of the electronic angular momentum along the bond axis [⍀ can only assume integer or halfinteger values ( Fig. 1) ]. Most closed-shell ground state molecules are described by ⍀ ϭ 0; single-photon transitions can then excite the molecule to states with ⍀Ј ϭ 0 and ⍀Ј ϭ Ϯ1, through parallel (⌬⍀ ϭ 0) and perpendicular (⌬⍀ ϭ Ϯ1) excitations, respectively. For rapid dissociation (for which the recoil direction is parallel to the bond axis), the projection ⍀Ј must be conserved along the recoil direction (such that ⍀Ј ϭ m A ϩ m B , where m is the projection of the atomic angular momentum J along the bond axis), which imposes important constraints on the polarizations of the angular momenta of the individual fragments.
The photodissociation of HCl at 193 nm occurs almost exclusively via ⍀Ј ϭ Ϯ1 states (14) (15) (16) (17) . Right-and left-circularly polarized light can be used to select ⍀Ј ϭ ϩ1 or -1, respectively, parallel to the light's propagation direction. Dissociation at 193 nm yields ground-state H( 2 S 1/2 ) atoms and both ground-state Cl( 2 P 3/2 ) and excited finestructure state Cl( 2 P 1/2 ) atoms (denoted as Cl and Cl*, respectively), where the atomic term symbols translate according to 2Sϩ1 L J (where S is the spin, L is the orbital angular momentum, and J is the total angular momentum, which is the vector sum of L and S), and the energy difference between Cl and Cl* is 881 cm Ϫ1 . Photodissociation at 193 nm yields 59% Cl and 41% Cl* (17) . The a 3 ⌸ 1 and A 1 ⌸ 1 electronic states of HCl (18) both correlate adiabatically to Cl atoms; however, the former correlates to "spin-up" (m ϭ ϩ 1 ⁄2) and the latter to "spin-down" (m ϭ -1 ⁄2) H atoms (⍀Ј ϭ m H ϩ m Cl ).
Clearly, any branching ratio other than a 1:1 asymptotic population of the a and A states will produce some degree of SPH, and if either process dominates, the degree of SPH can be high [the production of SPH from hydrogen halide photodissociation with this mechanism was first discussed by Vasyutinskii (19) ]. In contrast, if any ⍀Ј ϭ ϩ1 state yields Cl* atoms, then only the m H ϭϩ 1 ⁄2 spin state is allowed (as m Cl* ϭ Ϯ 1 ⁄2 only, and not Ϯ 3 ⁄2), producing pure SPH.
Only about 4% of the Cl* and 1% of the Cl photofragments are produced through initial parallel excitation to the (⍀Ј ϭ 0) a 3 ⌸ 0 state (14, 17) , which correlates equally to both Ϯ 1 ⁄2 H and Cl ( * ) spin states, yielding no SPH.
The m-state distributions for the processes shown in Eqs. 1 and 2 can be described by the a 0
(Ќ) parameter, which is proportional to the average value of m, Ͻm Z Ͼ, where Z is parrellel to the recoil direction, v. Coherent excitation of ⍀Ј ϭ 0 and Ϯ1 states causes interference between pathway (3) and pathways (1) and (2), which produces an anisotropic m-state distribution perpendicular to the recoil direction and the photolysis polarization direction, and which is described by the Re [a 1 (1) (, Ќ)] parameter (here referred to as a 1 (1) ), proportional to Ͻm x Ͼ (12); Re indicates the real part, and X is perpendicular to Z and is in the plane defined by Z and the photolysis polarization axis. The H and Cl (or Cl*) angular momentum distributions are complementary, and thus only one need be measured. We measured the Cl and Cl* distributions, as these atoms can be ionized in a polarization-sensitive fashion with a single laser frequency, whereas a similar spin-sensitive ionization scheme for H atoms requires two frequencies and poses further experimental difficulties (20) .
The experimental method was similar to that reported in (14) . Briefly, HCl molecules, from a pulsed supersonic beam expansion of a 5% mixture in helium, were photolyzed with right-circularly polarized light at 193 nm (21) . The resulting Cl and Cl* atoms were each ionized by the counter-propagating probe laser, by the absorption of three circularly polarized photons, at 234.62 and 236.51 nm, respectively. The central slice of the Cl ϩ velocity distribution was measured with the slice-imaging technique (22) .
The photofragment angular distributions of the ionized Cl* atoms, I(), can be described by (4) where I 0 is the total signal of the image, is the angle between v and the photolysis propagation direction, k pi , and ␤ 2 describes signal variations with respect to (Fig. 2) . For example, if ␤ 2 is zero, then I() is uniform. I 0 and ␤ 2 are expressed as linear combinations of the a q (k) ( p) parameters, with k ϭ 1 and the spatial anisotropy parameter ␤ (17), by
where s 1 is the sensitivity of the laser ionization process to the a q (1) ( p) parameters. For rightcircularly polarized probe light, s 1 ϭ -3 ͌ 3)/8, whereas for left-circularly polarized light, the sign changes so that s 1 ϭ ϩ3 ͌ 3)/8. Therefore, the values of I 0 and ␤ 2 will be different for right-and left-circularly polarized probe light only if the Cl* atoms are polarized, i.e., for nonzero values of either a 0 (1) (Ќ) or a 1 (1) (for zero polarization, I 0 ϭ 1 and ␤ 2 ϭ -␤/2). The angular distributions of ionized Cl* atoms are shown in Fig. 2A for right-and left-circularly polarized probe light; both a large intensity ratio of I 0 (RL)/I 0 (RR) ϭ 1.8 Ϯ 0.1 (where the first R indicates right-circularly polarized photolysis light, and the second R or L indicates right-or left-circularly polarized probe light, respectively.) and a change in I() were observed, demonstrating that the Cl* photofragments were polarized. The angular distributions were fit to Eq. 4, and the two unknowns, the a 0 (1) (Ќ) and a 1 (1) parameters, were then calculated with Eqs. 5a and 5b.
The angular distributions for the Cl atoms, which are presented in Fig. 2B , show a very strong dependence of I() on the probe polarization state and an intensity ratio of I 0 (RL)/I 0 (RR) ϭ 1.4 Ϯ 0.1. The data can be analyzed as described for Cl* (except that s 1 ϭ ϯ( 3 ⁄2) ͌ 3/5) to good approximation. However, we used a more detailed analysis (14, 23, 24 ) that included k ϭ 2 and k ϭ 3 parameters, which provides corrections of less than 10%.
The experimentally measured a q (k) (p) parameters were compared with those determined by a quantum-mechanical, time-dependent wave packet treatment of the photodissociation process (13, 25, 26) . Two important ingredients are required for the theoretical treatment of the photodissociation: the underlying electronic structure (i.e., the potential energy curves; the A ͟ state permanent dipole moments; and the spinorbit couplings between the PECs), and a methodology for performing the nonadiabatic dissociation dynamics. Finally, a method is required for determining the dynamical functions (7, 9, 13) and the corresponding a q (k) (p) parameters from information generated during the dynamics.
Quantum-mechanical, time-dependent wave packet calculations of the dynamics, based on the ab initio electronic structure results of Alexander et al. (15) , were carried out with diabaticto-adiabatic methods similar to those used previously to study initial-state v ϭ 0 and v Ͼ 0 (where v is the vibrational state quantum number) dissociation of hydrogen fluoride and deuterium fluoride (13, 26) (supporting online text). The comparison between the experimentally measured and the theoretically calculated a q (k) (p) parameters that describe the angular momentum distributions of both the Cl and Cl* fragments is given in Fig. 3 . The agreement between the experimental and theoretical parameters is excellent, showing that this level of theory accurately calculates the nonadiabatic processes (described by the q ϭ 0 parameters) and the asymptotic phase differences ⌬ (described by the q ϭ 1 and q ϭ 2 parameters) for this photodissociation (13, 14) . After excitation to the primary absorber, the A 1 ⌸ 1 state, only 14% ( ϭ 4%) dissociates adiabatically (Eq. 1b), whereas 45% transfers nonadiabatically to the a 3 ⌸ 1 state (Eq. 1a) and 41% to the t 3 ⌺ 1 state (Eq. 2), both of which involve a H spin flip.
From the measured Cl and Cl* polarization, the orientation of the corresponding H photofragment can be inferred through conservation of angular momentum. The electron polarization P e of the H photofragments (27) immediately after the photodissociation, with velocities parallel to the photolysis propagation direction (28) , is calculated to be 100% for H with Cl* cofragments (as expected from Eq. 2) and 52% for H with Cl cofragments, to give an average polarization of 72% [calculated using the Cl and Cl* branching ratio (17) ]. After the dissociation, the nuclear hyperfine interaction couples the electron and proton angular momenta (29) , so that the polarization oscillates between the two with a period of 0.7 ns. For laser pulses much shorter than 0.7 ns, 72% polarization can be selected for either the electron or the proton (whereas the other particle will be unpolarized), depending on the delay between the photodissociation and probe lasers. For laser pulses longer than about 0.7 ns, the polarization of both the electron and proton will be the average value of 36%. Therefore, ionization of SPH will yield both spin-polarized protons and electrons. Stern-Gerlach spin separation (1) and spinexchange optical pumping (2) can produce high-density proton polarizations of 80% and 72%, respectively. The advantage of the HCl photodissociation method is the ease of application, because a dedicated SPH production setup is not required. SPH can be used to study spin-dependent effects in chemical reactions and scattering experiments and may be used to enhance NMR signals in environments where depolarization mechanisms are slow and where H atom concentrations are too low to observe signals with conventional NMR. (Ќ) and a 2 (2) (Ќ) are from (14) ], and the electron polarization P e of the corresponding H cofragments. The shaded regions give the theoretical ranges of each parameter. Error bars are 2.
